The effects of thermal aging on some properties and thermal-shock behavior of zirconia partially stabilized with 9 mol% MgO (9MZ) were studied. 9MZ specimens were aged over 1300-1400-for 12 hours subsequently after sintering at 1 6 5 0~~ for 4 hours.
Introduction
Conlrary to the fully stabilized zirconia (CSZ), the partially stabilized zirconia (PSZ) materials possess prominent thermal shock resistance at high temperature and good fracture toughness at cold statestl-31.
MgO-PSZ, one of the high toughness ceramic material is new popularly used as an oxygen sensor in molten steels owing to its good oxygen ionic conductivity and excellent thermal shock resistance [4] . However the mechanism on the improved thermal shock resistance has not been fully investigated so far.
Though controversy on the composition of eutectoid precipitates in MgO-Zr02, it has been known that the cubic phase of MgO-Zr02 solid solutions are metastable below 1 3 0 0~~ and thus have to be decomposed either wholely or partially into more stable phase on the treatment of aging [5-61. According to the report by Porter et a1. (7), the MgO-PSZ exhibites the optimum mechanical strength when it was aged at the temperature range of 1400 -1500°c, where homogenous intragranular precipitates of tetragonal Zr02 form.
They suggested that aging at lower temperatures below 1 4 0 0~~ is to provoke the eutectoid decomposition and nucleation of the eutectoid reaction product invariably occurs at grain boundaries.
Until now, however, the works are not enough to elucidate the mechanism on the dependency of thermal shock resistance of MgO-PSZ on the conditions of the aging treatment.
In this study, aging treatment at the relatively low temperatures below 1 4 0 0~~ was conducted to the zirconia electrolyte based on 9mol% MgO-PSZ and their thermal shock resistance together with some physical properties were investigated to deduce some relationships between the properties and the aging treatment.
Purity of raw material powder was 99.9% both for ZrO2 and MgO. Batch of (Zr02)0 gl(MgO)~-~gwas mixed with ethanol in alumina ball mill lined with polyurethane for 2 hr and dried. Mean particle size of batch powders was 0.1-0.5 um.
Specimens were formed with an isostatic press under 140MPa and sintered a t : 1650°C for 4 hr.
The sintered specimens were aged at the different temperatures with 50°c intervals in the range of 1200 -1 4 0 0~~ for 12 hr respectively and cooled naturally in a furnace with switch-off. MOR was conducted to the specimens of 5x6~25 mm by three point bending at the room temperature with the condition of load cell; 200 Kg, cross head speed; 0.5 mm/min.
Thermal shock resistance (TSR) test was performed by dipping the specimen in the molten steel for 30 seconds and cooled in air, then observing the superficial failures and measuring MOR. SEM and TEM were also measured.
Fraction of monoclinic phase was calculated from XRD intensity peak on Gavie & Nicholson's work [ 8 1 .
EMF measurement was carried out with a tube type specimen closed at one end adopting closed loop circuit with 3-points connection [9] based on the following Galvanic cell ;
3. Results and Discussion 3-1. Thermal decomposition of cubic phase. Fig.1 shows the X-ray diffraction patterns of the aged specimens treated at various temperatures and compares to that without aging. The result of quantitative phase analysis is given in Table 1 . Without aging, cubic phase was predominant only with a trace of monoclinic phase.
On the other hand with aging, the monoclinic form was a major phase with the residual cubic phase.
Small amount of tetragonal phase was also included in all the aged specimens.
According to the previous reports the phase decomposition of cubic phase in the Mg0-PSZ should follow the sequence such as; cubic-
In the X-ray pattern, the decrease of cubic peak always accompanies the increase of monoclinic instead of tetragonal.
It means that most of tetragonal phase may be transformed into monoclinic on cooling quite rapidly and thus a large amount of monoclinic phase with minor portion of residual tetragonal phase is to be included in the aged specimens as the resultants of the thermal decomposition of cubic phase. The degree and rate of the thermal decomposition of cubic phase were increased with lowering the aging temperature from 1400 to 1 2 0 0~~ as expected from Viechnicki's work [6] .
The thermal decomposition of cubic phase into monoclinic phase on aging seems to accompany both the decrease in bulk'density and thus increase in water absorption as given in Table 1 .
The aging treatment improved the fracture strength owing to the possible toughening effect of the above phase transformation, but partial transformation from cubic to monoclinic with the residual tetragonal phase seeins to be more favorable for the strength than the complete transformation into monoclinic almost without residual tetragonal phase as indicated from the lower strength of the specimen aged at 1 2 0 0~~ compared to those aged at higher temperatures. 5.13 Fig.3 . SEM photograph of surface B; Total Area. aged at 1 3 5 0~~ for 12 hr. Fig.2 shows the comparison of thermal expansion curves versus the different aging conditions. The thermal expansion ratio was decreased on aging and also with increasing the aging temperature. There was an invariant point of sudden drop in thermal expansion curve which would correspond to the martensitic transformation from tetragonal to monoclinic phase.
The depth was getting deep with increasing aging temperature and thus the amount of tetragonal phase was enriched. The martensitic: transformation point, Ms, from Fig.2 is determined around 600-620'~ for the composition based on the present 9mol% MgO-PSZ whilst 850 -9 5 0~~ for the pure zirconia. It seems that tetragonal phases produced during the thermal ~ecomposition of cubic-Zr02 induce the reduction of thermal expansion very effectively.
3-2. Thermal shock resistance
Thermal shock resistance can be determined depending on the following equations ( 2 ) and (3) for infinitely rapid and mild change in heating and cooling, respectively ;
where R & R' is thermal shock fracture resistance parameters, St; fracture strength, p; Poisson's ratio, a; thermal expansion coefficient, E; Young's modulus and k; thermal conductivity.
According to the above equations, if the Young ' s modulus, Poisson's ratio and fracture strength are constant, the thermal shock fracture resistance parameter could be dependent only on thermal expansion coefficient(a ) in the case of infinitely rapid change. Whereas in the case of mild change, R' may be dependent on the thermal conductivity(k) if a is constant. The thermal conductivity of MgO is about five times higher than that of Zr02, therefore, if MgO forms a continuous phase at the grain boundaries on aging, then the thermal shock resistance can be effectively improved. with such expectation, chemical analysis by EDX was conducted to the different points of specimen aged at 1 3 5 0~~ for 12 hr as given in Table 2 . It was found that MgO was clearly enriched at grain boundaries more than the insides of grains.
TEM examination shows monoclinic grain is largely twinned and intragranular precipitate seems to be MgO (Fig.4) . Fig.5 shows the retained strength (RST) of the aged specimen (1350°C -12 hr) after thermal shock treatment compared to that without any aging before test. Fig.5 gives the critical temperature difference (ATc) of about 2 5 0~~ for the aged samples.
With the lower temperature differences less than ATc, the retained strength of the aged was far higher than those without aging.
The plot of RST versus AT exhibits a typical pattern for a short initial crack length in the case of aging, whereas a large initial crack length for the case without aging.
On the other hand, with the higher tern erature differences RST of the aged was constant with 100 MPa up to ~O O~C in AT.
But that of the case without aging decreases continuously with increasing the temperature difference, so that RST of the aged exceedes that of without aging slightly especially in the temperature difference range of 500-800 OC. The possible reasons for the improvement of thermal shock resistance by aging would be explained with some hypotheses such as toughening effect by stress-induced transformation, decrease in initial crack length due to a presence of precipitates and improvement in thermal diffusity at grain boundaries owing to the continuous enriched layer of MgO.
Although it was not enough to deduce any conclusive evidence for the contribution of MgO enrichment at g r a m boundaries to the improvement of thermal shock resistance possibly because of the too high temperature difference adopted for the test, it is clear that aging treatment of MgO-PSZ even at the lower temperatures less 1 4 0 0~~ can improve both MOR at cold state and therma'l shock resistance at higher temperatures, contrary to the suggestion by Porter et al. [ 7 ] water.
3-3. Measurement of electrical potential
The electrode reaction in the molten iron is to be expressed as given in the following equation ;
The potential between the two ends of solid electrolyte of Zr02 would be given in the equation of free energy as follows ;
where R is gas constant, T; absolute temperature, n; equivalent number of a oxygen gram molecule (n=2), F; Faraday constant and k; equilibrium constant of the reaction.
The theoretical EMF calculated on the above equation is given in Fig.6 as the dotted line together with some measured values. Those two kinds of EMF value were well consistent within experimental deviation which might come from the inclusions of some oxide impurities in the fused iron. specimen. Fig.7 shows an example for EMF out-put of the aged MgO-PSZ, where EMF becomes to be detectable after time lag of a few seconds from the instant of cell insert into the molten iron and then reaches the equilibrium value.
The constant equilibrium value can be kept for 22 seconds until1 the test cell being taken out.
It was found that the performance of the aged MgO-PSZ cell was excellent for EMF measurement to liquid iron, but the cell made of MgO-PSZ without aging could not be functional for the measurement because of an instant thermal cracking before reading the value in the test liquid of iron.
1) The cubic phase of MgO-PSZ is to be thermally decomposed on aging at first into tetragonal phase and MgO then finally to monoclinic phase on cooling.
The decomposed MgO is to be enriched at the grain boundaries in a continuous form and is assumed to devote to the improvement: of thermal shock resistance owing to the possible enhancement:, in thermal conductivity through the grain boundaries.
2 )
The rate of phase decomposition of the cubic phase is to be enhanced WI-th lowering the temperature for aging so as to increase the formation of monoclinic whilst reducing the residual tetragonal phase.
3) The aging treatment of Mq0-PSZ can reduce both the initial crack length and the crictical temperature difference so that improves the thermal shock resistance at high temperatures and MOR at cold state. The reason could be discussed based on some possible factors such as stress-induced transformation toughening, pinning of crack propagation by the presence of some precipitates and the improved thermal c0nductivit.y due to MgO enrichment.
4) The optimun aging temperature for MgO-PSZ is considered to be around 1300 -1350% to improve the mechanical strength.
5)
The density and water absorption are increased with the aging treatment but EMF out-put is not impaired on aging.
